INTRODUCTION
In January of 1968 the Faultless test shot ( Fig. 1 ) at 975m below the surface had an estimated magnitude range between 200kt to 1Mt (Thordarson, 1984) . The detonation resulted in a surface crater estimated at lkm in diameter accompanied by a > 3m collapse escarpment at the surface. Careful monitoring of outlying observation wells before, during and after the shot has provided valuable data on the hydrodynamic response of the groundwater (Table 1a and lb; Thordarson, 1984) . Thorough water level and tritium monitoring in the drillback hole UC-I-P-2SR has contributed significantly to the understanding of post-shot groundwater effects (Thordarson, 1987) . This report of FY92 investigations at Faultless by the Nuclear Chemistry Division at LLNL serves to outline new and previous isotopic data of natural and shot-related nuclides measured in the drillback hole (UC-I-P-2SR) and the two closest satellite wells (HTIf-1 and HTH-2). The goals of this study are: 1) to investigate and characterize the geochemical and isotopic variabilities of groundwater, as a function of groundwater source and age, in the drillback hole and the satellite wells, 2) to determine concentrations of event-related nuclide activity and investigate any possible migration of the hydrologic source term. A more comprehensive source and age characterization from isotopic and geochemical variations of natural groundwater in the Hot Creek Valley would require a regional scale investigation.
For previous work in hydrogeologic and geologic investigations associated with
Faultless and Hot Creek Valley, the reader is directed to the bibliography found in Thordarson (1984) and Thordarson (1987) . Other results in which this study originally stems is presented in Buddemeier and Isherwood (1984) .
HYDROGEOLOGIC SETTING Hot Creek Valley is located in central Nevada approximately 160km northeast of
Tonopah, Nevada. Hot Creek Valley is a typical basin and range graben that is filled with over 700m of alluvium. The Faultless site is located at the northern end of the valley at 1850m above sea level, and is flanked by Tertiary volcanic lithology that overlies Paleozoic sedimentary rocks at depth (>2000m) within the valley. UC-I-P-2SR
and HTH-l penetrate -730m of (Table lb) predominantly clay to boulder size volcanic alluvial sediments that overlie welded and more commonly non-welded tuffaceous sediments (Thordarson, 1984) . UC-I-P-2SR is shot perforated continuously from approximately. 350-850m below the surface, and HllI-l is perforated in ten discreet intervals between 200 and 1100 mbs. HTH-2 is drilled into the alluvium to 306 mbs (Table lb) and is perforated between 200 to 300m.
Pre-Shot Conditions -Pre-shot groundwater levels in HTH-l and HTH-2 averaged approximately 170m below the surface, but levels over the entire monitoring well network around Faultless are not available at this time. Pre-shot water table gradients probably retlected the topographic gradients and groundwater most likely flowed regionally toward the south.
Groundwater chemistry in some of the wells shows a Na-HC03 to Ca-HC03 character (Fig 2) . Wells UC-I-P-2SR and HTH-1 have a ver; similar Na-HC03 chemistry with VC-I-P-2SR being more dilute. VCe-18 (-6knl down gradient and over 500 meters deeper) also has a similar Na-HC03 che.aistry, but IDS values are a factor of 5 to 10 higher and are probably related to the higher temperatures at depth. HTH-2, on the other hand, is a Ca-HC03 groundwater that defines a unique cationic field in Figure   2 .
Post-Shot -Post-shot static water level measurements in UC-I-P-2SR (Table la) since 1968 are of great value to the interpretation of the post-shot cavity hydrologic response.
The static water table record (Fig. 3) through time is segmented into two phases: 1) an early phase (1968) (1969) (1970) (1971) (1972) (1973) where water level has a minor initial rise probably due to post drilling fluid injection (Thordarson et al, 1984) , followed by a steady 50m decline that flattens out at 695 mbs, 2) a second phase from 1974 to the present that represents an abrupt change to near, log-normal-type water level recovery.
Water pressure data collected during the event that characterized the groundwater response (Table la) shows that HTH-I had the largest excess head of 65m above the preshot level. Although HTH-2 has a closer surface distance to UC-I-P-2SR, the well bottom of HT~-1 is actually closer to the detonation point, and has probably recorded the groundwater displacement over a greater depth range.
RESULTS AND DISCUSSION
FieldMeasurements and Sampling -Field sampling for isotopic analysis in wells UC-l-P-2SR, HTH-l, and HTH-2 at the Faultless site was conducted by LLNL during July 1992. Downhole sampling was completed using an evacuated stainless steel 4.4 liter bailer lowered to the sampling levels by a wire line mechanism that remotely opened and closed a valve on the wireline tool on top of the bailer. The groundwater was immediately sampled at the surface for the field measurements by draining groundwater from the bailers at a bottom needle valve. Untreated samples were drained from the bailer for gamma spectra, 3H, 99Tc, and 36<:1, where samples for strontium isotope analyses were filtered (O.45f.1) and acidified (pH....2) into polyethylene I-Chem bottles.
Carbon-14 samples were drained into glass bottles under a nitrogen atmosphere and preserved with HgCh. The groundwater sample for 14C from HTH-2 was collected by DR! and the sample integrity was unknown. At first it was not certain as to whether this sample was contaminated, but the 14C value was reproduced from samples collected by DR! in FY 93 using LLNL standard sampling procedures for 14C, and subsequently, a high confidence level is associated with the value in Table 3 .. Krypton-85 samples were left inside of a sealed, half bailer (2.2 liter) and shipped to LLNL for gas extraction under vacuum conditions. Groundwater from UC-I-P-2SR, HTH-l, and HTH-2 were measured in the field for pH, conductivity, and temperature (Table 3) , and UC-I-P-2SR was measured for dissolved oxygen.
Radionuclide data is reported as activities in pCi per measured volume, where the 36CI is reported as an atom ratio to total dissolved chloride in the water sample. The Sr isotope analyses are reported as atom ratios. The 14C is reported as a percent of modern carbon relative to a pre-nuclear fallout (1950's) standard (NBS-Oxalic Acid-I).
Tritium - Figure 4 is a time series of tritium concentrations vs. depth in UC-I-P-2SR from quarterly measurements between 1972 to 1982 after Thordarson (1984) Tritium levels measured by LLNL in 1992 are elevated between 14 and 22,000 pCilml from the upper to lower sampling intervals of UC-I-P-2SR (Table 3) . These levels are approximately the same as those reported by Buddemeier and Isherwood (1984) . Tritium levels in HTH-l and HTH-2 are between 0.02 and 0.06 pCilml Crable 3) and are less than a factor of 4 below drinking water standards (20 pCi/L).
Noble Gas -Krypton-85 is a fission product formed during detonation and by short-lived decay of bromine, selenium, and germanium fission products (Bryant, 1992) . The 85Kr is predominantly dissolved in the groundwater where high concentrations are expected to occur simultaneous to high tritium levels. The 85Kr concentrations are above detection limits in all groundwater samples from UC-I-P-2SR and range from 443 to 27,093 pCiIL from the upper to lower sampling intervals, respectively (Table 3) . Although the 85Kr and 3H concentrations both increase with depth, their activity ratios vary over an order of magnitude and are independent of depth, a phenomenon not understood at this time.
The 39Ar present in the groundwater from the cavity zone is a proton decay product from 39K formed from neutron flux during the test. The 39Ar release will probably be controlled by devitrification of fused glass surrounding the cavity and its build up should be slower than the 85Kr. The only detectable 39Ar occurring in the groundwater was found in the lowest level of UC-I-P-2SR and was 434 pCiIL.
Chlorine-36-Background values for 36ClICI ratios in groundwater at the Faultless site range between 1.1xlO-12 to 4.3xlO-13 (Table 3) and are similar to NTS groundwaters (Davisson et al., 1993) . The 36ClICl ratios above background levels found in the groundwater from UC-I-P-2SR are formed by neutron capture of stable 35CI already in the water and surrounding rock material during the detonation. The two lower sampling levels in UC-I-P-2SR show abnormal 36ClICI ratios of7.2xlO-ll , and lxl0-8 in the lowest sampling level, and is consistent with the highest tritium concentrations.
Gamma Activity and Technetium-99 -No gamma activity above analytical background (see Table 3 ) from 6OCo, 125Sb, and 137Cs were detected, nor was 99Tc detected (detection limit = 1.6xlQ4 pCi/L) in any of the groundwater samples from the Faultless test site and will not be discussed further in this report.
Carbon-14 -Natural 14C abundances in the groundwater at the Faultless site range between 1 and 76% modem carbon (Table 3) . HTH-2 has the youngest apparent 14C age of approximately 2000 years. HTH-l has the oldest apparent age of approximately 35,000 years, where the two upper sampling intervals of UC-I-P-2SR have apparent ages between 9300 and 9800 years old. The 14(: content for the tritiated waters in the deeper levels of UC-I-P-2SR have not been measured at this time.
Carbon-13 analyses of the Faultless groundwaters show a considerable variation (Table 3 ). These variations are comparable to those seen in groundwaters at the Nevada Test site (Spencer, 1990) . The 013C value of vadose zone groundwater at the NTS is assumed to be approximately -12%0 (Spencer, 1990) . The 13C content of a groundwater will increase with dissolution of the "dead" carbonate lithology into the fluid. This dissolution will also give rise to an increase in the apparent 14(: age of the groundwater.
A simple 13C correction formula (Grove et al., 1968) can be used to modify the measured 14C abundances and correct for any dissolution of "dead" carbonate, such that:
where 5 13 C = (RsJRst -1)1000, R is the 13C/12C ratio of the sample and a standard respectively, and 5 13 C so il =-12%0.
The modified 14C ages are listed in Table 3 and shown in Figure 5 . HTH-2 being the shallowest well appears to be the youngest, but its 13C correction results in a negative age. Given that the 14C value for HTH-2 has been reproduced, the carbon isotope systematics between HTH-2 and HTH-l may not necessarily be comparable by simplified means such as the above equation. The real age difference of waters between the wells has a high uncertainty at this time. The maximum possible age difference, though, is represented by the apparent 14(: ages which have a higher confidence level. The modified 14C ages for the remaining samples show a systematic increase with depth and have reasonable ages that are comparable to 14(: groundwater ages measured at the NTS (Grove et al, 1968; Davisson et al., 1993) HTH-l has approximately the same aged groundwater in the upper and lower sampling intervals, This suggests that the water that flows into the well bore is predominantly from one zone, and given the old 14C age of the groundwater, this suggests that the inflow may be from the lower levels.
The 14c ages for the upper levels of UC-I-P-2SR suggest that the groundwater age increases with depth, but is much younger than the groundwater from HTH-l. This suggests that the upper levels of UC-I-P-2SR may be a mixture of young shallow groundwater and the deeper groundwater characteristic of HTH-l. This would be consistent with the evidence for the post-shot water table disturbance and infilling from a Perched aquifer above the cavity (Thordarson, 1987) . Possible well construction affects on the 14C ages are discussed below.
87Sr/86Sr -The 87SrJ86Sr ratios of groundwater not affected by the nuclear detonation can provide a good indicator of a groundwater source as a function of host lithology. Values presented in Table 3 for the Faultless site show that they correspond to the typical range of 87Sr/86Sr ratios found at the Nevada Test Site (0.706-0.714; Peterman et al., 1992) .
Groundwater from HTH-2 has a significantly higher ratio than UC-I-P-2SR and HTH-l, where the latter two wells have very similar 87SrJ86Sr ratios, with HTH-l being slightly more radiogenic. The ionic abundance of groundwater from UC-I-P-2SR is very similar to HTH-l. The only apparent difference between the wells is that the trace element abundance (Thordarson, 1984) is slightly higher in HTH-l, and may be related to its higher TDS and older apparent age. HTH-2 has a higher proportion of Ca and .Mg and a lower TDS than UC-I-P-2SR and HTH-1, but has the same anionic proportions. The more radiogenic 87Sr;86Sr ratio in HTH-2 reflects a host lithology distinctly more radiogenic than the host lithology in the other two wells. The higher Ca and Mg concentrations of the groundwater from HTH-2 (Thordarson, 1984) possibly reflects a more carbonate-rich host alluvium in this part of the alluvial aquifer. Thordarson (1984) reported in lithological drill logs that Paleozoic sediments comprised 1-5% of the alluvium above 549m, and <1% below 549m. The high 87Sr;86Sr in HTH-2 is not consistent with lower 87Sr/86Sr ratios of Ca-dominated groundwaters observed by Peterman et ale (1992) at the NTS. On the other hand, recent work on groundwaters at the NTS has shown that groundwater residing in the Paleozoic carbonates has similar 87Sr/86Sr ratios to HTH-2, (Davisson et al., 1993) . Peterman et ale (1992) also indicated that the 87Sr/86Sr ratios of volcanic tuffs at the NTS can be locally heterogeneous and vary over the entire measured range. It is possible that local heterogeneity in the 87Sr/86Sr ratio exists in the Paleozoic carbonates, and direct measurements of the rock material is needed to resolve the origin of the 87Srf8 6Sr ratios of the groundwaters.
The unique geochemical character of groundwater from HTH-2 does not necessarily mean that the well penetrates an isolated aquifer. The geochemistry of the groundwater from HTH-2 may reflect its shallower perforations levels and shallow completion depth relative to UC-I-P-2SR and Hm-I. A larger proportion of the groundwater in the latter two wells may be from greater depths, and the groundwater has an older age and a more geochemically evolved signature.
Possible Well Construction Effects -If groundwater from the upper levels in UC-I-P-2SR
is a mixture of waters characteristic of HTH-2 and HTH-l, then the 87Srf8 6Sr ratio of the UC-I-P-2SR waters should be intermediate between the other two well waters. Instead, the groundwater from UC-I-P-2SR has a 87Sr/86Sr ratio lower than the other two wells.
This may suggest that a separate mechanism is controlling the 87Sr/ 86Sr ratio in UC-l-P-2SR. The pH is much higher in UC-I-P-2SR than the other two wells and it is speculated that perhaps minor dissolution of the cement plugs outside the casing may influence the pH and the strontium isotopic signature of the groundwater in the well bore. Further speculation would suggest that even the 14C values may be suspect in this well, given that cement is a carbon-rich material.
Implications for Groundwater Flow -Given that large hydraulic gradients existed between UC-I-P-2SR and the two HTH wells, the water table measurements following the detonation most likely record infilling of the groundwater void space of the cavity/chimney area created by the event. The detonation displaced a considerable amount of groundwater as indicated by upward displacement of groundwater in outlying monitoring wells up to 6 km away (fable lb). The detonation probably left a large groundwater void within the cavity/chimney region. Subsequent groundwater infilling of the cavity/chimney region probably occurred by a combination of radial inflow at depth and downward flow from the water table surface through an enhanced fracture permeability of the chimney ( Fig. 5 ; Borg et al., 1976) . Flow velocities are controlled by the high hydraulic gradients around UC-1-P-2SR (Table 1a and lb) and transmissivities of the altered rock rimming the cavity. Fracture permeability decreases radially away from the detonation point (Borg et al., 1976) and mostlikely groundwater flow rates would decrease proportionally. The consistent depth of the water table in UC-I-P-2SR prior to 1974 probably represents a steady-state condition between the rate groundwater laterally flows toward the cavity and downward flow from above the cavity (Fig. 5) . Given this conceptual model of the data, the onset of the log-normal recovery of the water table in UC-I-P-2SR probably began when the groundwater void space is full. It should also be noted that possible thermal effects on groundwater flow have been neglected, although thermal gradients are high around the cavity, groundwater flow is still gravity driven.
As shown in Figure 4 , the tritium concentrations in the lower part of UC-I-P-2SR dramatically increase in two pulses between 5.5 and 8 years after the detonation, and during this time the water table began its log-normal recovery. As the cavity is recharged after the detonation, tritium enriched groundwater probably moves upward, following flow paths defined by the hydraulic gradient (Fig. 5) . Associated with the tritiated groundwater will be the elevated 85Kr and 36CI levels, as these constituents will be mobile aqueous species (Bryant, 1992) . Since the groundwater table is today still depressed above the cavity/chimney, the advective flow of the radionuclide-rich groundwater is probably confined within the cavity/chimney area.
The current concentrations of and 3H and 85Kr in UC-I-P-2SR are 3 to 4 orders of magnitude lower than concentrations measured in chimney regions after similar tests (Bryant, 1992) . The lower concentrations are probably due to simple dilution and decay of these nuclides over the course of 24 years since their formation.
SUMMARY
Groundwater chemistry of UC-I-P-2SR and HTH-l have a similar Na-HC03 character that have approximately the same 87Srj86Sr ratios. These two wells Penetrate similar depths and lithologies and probably share the same groundwater reservoir. The pH is unusually high (>9.0) in UC-I-P-2SR, though, and its 87Sr/86Sr ratio is much lower than expected for a mixture of young shallow water and the deeper groundwater as suggested by 14C analysis. It is speculated that the cement plugs used in the well construction may be influencing the strontium isotope signature. Further work is needed to resolve this question.
HTH-2 has a Ca-HC03 groundwater with an 87SrJ86Sr ratio typical of a more radiogenic rock source that probably dominates this zone of the alluvial fill. The different chemical and isotopic signature of HTH-2 may be an artifact of the well's small perforation thickness (-100m), and the groundwater from HTH-2 may not necessarily be isolated from the deeper groundwater. Further isotopic investigations of groundwater in the HOL Creek Valley region would help better resolve these geochemical differences.
The new isotopic analyses of UC-I-P-2SR show proportionally elevated concentrations of 3H, 85Kr, 36CI, and a lesser amount of 39Ar in the deeper sampling intervals, where the 3H levels are similar to those measured in 1983. At the current time, the high activity groundwater is probably isolated in a water table depression surrounding the post-shot cavity and is being diluted by infilling fresh groundwater.
Uncertainties cannot be assigned to the hydrologic source-term at this time, since many of the radiochemical samples were collected after multiple drops of the bailer, which most likely disturbed the concentration in the water column of the drill hole.
Sampling strategies are currently being developed in order to quantify the mixing effects caused by multiple sampling with a wireline and bailer. Thordarson, W., 1987 groundwater is positively displaced in the HTH wells, and groundwater flow is gravity driven radially toward the cavity/chimney region and is controlled by the high hydraulic gradients. The 13C-corrected 14c ages of the groundwater sampled in FY92 are noted at their respective depths. The 3H-rich groundwater today is probably confined to the cavity/chimney region and is currently being diluted by surrounding groundwater.
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